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a b s t r a c t

Inhibition of the interaction between the p53 tumor suppressor and its negative regulator MDM2 is of
great importance to cancer therapy. The anti-apoptotic Bcl-2 family proteins are also attractive anti-
cancer molecular targets, as they are key regulators of apoptotic cell death. Previously, we reported
the interactions between the p53 transactivation domain (p53TAD) and diverse members of the anti-
apoptotic Bcl-2 family proteins. In this study, we investigated the binding of MDM2-inhibiting p53TAD
peptide analogues, p53-MDM2/MDMX inhibitor (PMI) and pDI, with anti-apoptotic Bcl-2 family proteins,
Bcl-XL and Bcl-2, by using NMR spectroscopy. The NMR chemical shift perturbation data demonstrated
the direct binding of the p53 peptide analogues to Bcl-XL and Bcl-2 and showed that the PMI and pDI pep-
tides bind to a conserved hydrophobic groove of the anti-apoptotic Bcl-2 family proteins. Furthermore,
the structural model of the Bcl-XL/PMI peptide complex showed that the binding mode of the PMI peptide
is highly similar to that of pro-apoptotic Bcl-2 homology 3 (BH3) peptides. Finally, our structural compar-
ison provided a molecular basis for how the same PMI peptide can bind to two distinct anti-cancer target
proteins Bcl-XL and MDM2, which may have potential applications for multi-targeting cancer therapy.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Multi-targeting therapy is of significant importance in drug dis-
covery, as it can improve therapeutic efficacy, safety and resistance
profiles [1–4]. Single-targeting therapy, where a drug binds specif-
ically to one target molecule, has limited therapeutic efficacy
because many diseases are caused by multiple factors. According
to the concept of poly-pharmacology, a single drug can bind to
more than one target proteins [5]. Despite harmful side effects,
these off-target effects of marketed drugs are sometimes beneficial
to treatment as seen with anti-cancer multi-kinase inhibitors [5–
7]. Thus, it is important to identify the off-target effects of drugs
and drug candidates in the field of drug development. Recently,
combined drug targeting against multiple apoptotic regulatory
proteins has been suggested to provide new opportunities for
anti-cancer therapy involving apoptosis induction [6].

p53 is a tumor suppressor protein that mediates cell cycle
arrest, DNA repair, apoptosis, and senescence in response to cellu-
lar stresses [8,9]. The functional inactivation of p53 has been found
in more than 50% of human cancers. MDM2 and MDMX are onco-
proteins that negatively regulate the function of p53 via an interac-
tion with the p53 transactivation domain (p53TAD) [10,11]. Thus,
blocking the p53TAD-MDM2/MDMX interaction is an important
target for cancer therapy [12,13]. Recently, two potent 12-mer
p53TAD peptide analogues, termed p53-MDM2/MDMX inhibitor
(PMI; TSFAEYWNLLSP) and pDI (LTFEHYWAQLTS), were selected
from a phage displayed peptide library (Fig. 1A) [14–16]. Both
PMI and pDI peptides inhibit the interaction between p53TAD
and MDM2/MDMX with low nanomolar affinity for both MDM2
and MDMX – two orders of magnitude stronger than the wild-type
p53TAD peptide (residues 17–28, ETFSDLWKLLPE) [17] .

The anti-apoptotic Bcl-2 family proteins are key regulators in
the mitochondrial apoptosis pathway. Because they are over-
expressed in many types of cancers and confer resistance to
anti-cancer chemotherapy, Bcl-XL and Bcl-2 are promising molecu-
lar targets for cancer therapy [18–22]. For example, the Bcl-2
family protein inhibitor ABT-737 was found to induce the regres-
sion of solid tumors [23], and its derivatives are now under evalu-
ation as anti-cancer therapeutics in clinical trials. Previously, our
NMR studies demonstrated that a p53TAD peptide (residues 15–
29) binds to diverse anti-apoptotic Bcl-2 family proteins in a
manner similar to its interaction with MDM2 [24–27]. Further-
more, we showed that a p53TAD-mimetic MDM2 antagonist,
Nutlin-3, binds directly to the anti-apoptotic Bcl-2 family proteins
Bcl-XL, Bcl-2, Bcl-w, and Mcl-1 in an analogous mode [25,28].

To test whether the MDM2-inhibiting p53TAD peptide ana-
logues could target the anti-apoptotic Bcl-2 family proteins, we
performed binding experiments for the PMI and pDI peptides with
the anti-apoptotic Bcl-2 family proteins Bcl-XL and Bcl-2 by using
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Fig. 1. Binding of p53 peptide analogues to the anti-apoptotic Bcl-2 family proteins. (A) Sequence alignment of the p53TAD peptide analogues, PMI and pDI, with the wild-
type p53TAD peptide. (B) The overlaid 2D 1H–15N HSQC spectra for 15N-labeled Bcl-2 in the absence (blue) or presence of the PMI peptide (red). The overlaid 2D 1H–15N HSQC
spectra for 15N-labeled Bcl-XL (C) or Bcl-2 (D) in the absence (blue) or presence of the pDI peptide (red). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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NMR spectroscopy. Our results demonstrated direct interactions
between peptide analogues and Bcl-XL and Bcl-2 proteins. The
structural model of the Bcl-XL/PMI peptide complex showed that
the PMI peptide binds to Bcl-XL in a manner analogous to that
observed with the pro-apoptotic BH3 peptides. This structural
information will contribute to the development of a multi-target-
ing cancer therapy against two different anti-cancer targets,
MDM2 and Bcl-XL.
2. Materials and methods

2.1. Preparation of proteins and peptides

Truncated Bcl-XL and Bcl-2 were expressed and purified for
NMR experiments as previously reported [25,29,30]. PMI and pDI
peptides were chemically synthesized and purified by Peptron
Inc as described previously [31,32].
2.2. NMR spectroscopy

All the NMR data were acquired using a Bruker Avance II
800 MHz spectrometer at the Korea Basic Science Institute. The
2D 15N–1H HSQC spectra of Bcl-XL and Bcl-2 were obtained at
25 �C in the absence or presence of the p53 peptide analogues,
pDI and PMI. The NMR samples comprised 90% H2O/10% D2O and
were prepared in 20 mM sodium phosphate (pH 6.5), 150 mM
NaCl, and 1 mM DTT for Bcl-XL, and 20 mM Tris HCl (pH 7.8), and
5 mM DTT for Bcl-2. For the chemical shift perturbation experi-
ments with the anti-apoptotic Bcl-XL and Bcl-2 proteins, aliquots
of the concentrated peptide (PMI and pDI) stock solution were
titrated into the 15N-labeled Bcl-XL or Bcl-2 and the 2D 15N–1H
HSQC spectra were collected at 25 �C. The backbone 1H and 15N
resonances of 15N-labeled Bcl-XL and Bcl-2 were assigned using
the previously reported chemical shift assignments [29,33,34]. All
the NMR data were processed and analyzed using NMRPipe/NMR-
Draw [35] and SPARKY software.

2.3. Structure calculation

The structure of the Bcl-XL/PMI peptide complex was calculated
using the program HADDOCK 2.0 [36] in combination with crystal-
lography and NMR system (CNS). Ambiguous interaction restraints
(AIRs) were defined on the basis of the NMR chemical shift pertur-
bation data. The ‘‘active’’ residues of Bcl-XL were defined as those
showing a significant chemical shift perturbation value with
relatively large per-residue solvent accessibility for either the
side-chain or main-chain atoms. All of the surrounding surface res-
idues near the active residues were defined as ‘‘passive’’ residues.
Starting from the structures of Bcl-XL (PDB code: 1BXL) [37] and
PMI peptide (PDB code: 3EQS) [15], rigid body energy minimiza-
tion was performed, leading to 1000 rigid body docking solutions.
In terms of intermolecular interaction energy, the 200 lowest
structures were selected for rigid body simulated annealing fol-
lowed by semi-flexible simulated annealing in torsion angle space.
Finally, the resulting structures were refined in explicit water by
using simulated annealing in Cartesian space. The docking
solutions were clustered based on positional root mean square
deviation (rmsd) values by using a 3 Å cut-off. The complex models
were selected for visualization based on their rmsd from the best
energy structure and HADDOCK energy score. Figures of the model
were drawn using the PyMOL software package [38].
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3. Results and discussion

3.1. Binding of the p53TAD peptide analogues with the anti-apoptotic
Bcl-2 family proteins

Our previous studies showed direct binding of the small
molecule MDM2 antagonist Nutlin-3 and PMI peptide with the
anti-apoptotic Bcl-XL protein [25,28]. To investigate this further,
we examined the binding of the p53 peptide analogues PMI and
pDI to Bcl-2 and Bcl-XL by using NMR spectroscopy. The overlaid
2D 1H–15N HSQC spectra of Bcl-2 and Bcl-XL in the absence or pres-
ence of the PMI or pDI peptide are shown in Fig. 1. Significant
chemical shift perturbations in many of the 15N–1H crosspeaks in
both Bcl-2 and Bcl-XL were observed upon the addition of either
PMI or pDI peptide, indicating a direct interaction between the
pDI and PMI peptides and the anti-apoptotic Bcl-2 family proteins.
Interestingly, binding of the PMI and pDI peptides differentially af-
fects the degree of chemical shift changes in the residues within
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Fig. 2. NMR chemical shift perturbations of the anti-apoptotic Bcl-2 family proteins indu
residues upon binding of the PMI (A) or pDI (B) peptide. Mapping of chemical shift pertu
[25]. NMR chemical shift perturbations of Bcl-2 residues upon binding of the PMI (C) or
binding are shown as gray bars. (E) Mapping of the binding site for the p53 peptide analo
calculated by the equation, DCS = (D1H2 + (0.2D15N)2)0.5, in which D1H and D15N are the
showing chemical shift changes of DCS > 0.08 ppm and DCS > 0.02 ppm, respectively, and
the chemical shift changes of 0.025 ppm < DCS < 0.08 ppm and 0.01 ppm < DCS < 0.02 pp
this figure legend, the reader is referred to the web version of this article.)
the same hydrophobic binding pocket, in the order of Bcl-XL/
PMI P Bcl-2/PMI > Bcl-2/pDI ffi Bcl-XL/pDI (Fig. 2). In particular,
many of Bcl-XL crosspeaks disappeared upon binding of the PMI
peptide because of significant line broadening, indicating fast-to-
intermediate exchange on the NMR chemical shift time scale.
Although the chemical shift perturbations induced by the PMI pep-
tide were much stronger than those induced by the pDI peptide,
the affected residues in Bcl-2 and Bcl-XL induced by both peptides
were similar (Fig. 2), demonstrating that they share the same
binding site in Bcl-XL and Bcl-2. These are consistent with the
NMR chemical shift changes seen in Bcl-XL and Bcl-2 when bound
to the wild-type p53TAD peptide (residue 15–29) [25,26].

3.2. Mapping the binding site of the p53TAD peptide analogues on
anti-apoptotic Bcl-2 family proteins

The NMR chemical shift perturbations induced by the p53TAD
peptide analogues were mapped onto the structures of Bcl-2 and
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the residues that disappeared are shown in red. Bcl-XL and Bcl-2 residues showing
m, respectively, are shown in yellow. (For interpretation of the references to color in
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Bcl-XL to determine the binding site at the three-dimensional level
(Fig. 2E). The chemical shift perturbations induced by peptide
binding occurred in a hydrophobic groove surrounded by the
BH1, BH2, and BH3 domains of Bcl-XL. This region corresponds to
a conserved binding site for the pro-apoptotic BH3 peptides. These
results indicate that the p53 peptide analogues PMI and pDI specif-
ically bind to the same site of the anti-apoptotic Bcl-2 family
proteins as the p53TAD peptide [26].

3.3. Structural basis for the interaction between Bcl-XL and the PMI
peptide

To understand the structural basis for the interaction between
the p53TAD peptide analogues and anti-apoptotic Bcl-2 family pro-
teins, we calculated structural models for the complex between the
PMI peptide and Bcl-XL by using the program HADDOCK 2.0 [26]
(Fig. 3A, B). The structural models of the Bcl-XL/PMI peptide
complex are similar to those of Bcl-XL/p53TAD peptide (residue
15–29) complex [26]. Consistent with the chemical shift perturba-
tion data, the structural model of the Bcl-XL/PMI peptide complex
showed that an amphipathic a-helix of the PMI peptide binds to
the long hydrophobic groove in Bcl-XL (Fig. 3C, D), which corre-
sponds to the binding site for the BH3 peptides of the pro-apopto-
tic Bcl-2 family proteins Bak, Bad, and Bim (Fig. 3D).

3.4. Structural comparison among the Bcl-XL/peptide complexes

A detailed structural comparison between the Bcl-XL/PMI pep-
tide complex and the Bcl-XL/Bim BH3 peptide complex showed
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Fig. 3. Structural models of the Bcl-XL/PMI peptide complex. An ensemble of 8 structural
are shown. Bcl-XL and PMI peptides are shown in gray and green, respectively. BH1, BH
Bcl-XL/PMI peptide complex structure. Chemical shift perturbations induced by the PM
Superposition of Bcl-XL/PMI peptide and Bcl-XL/Bim BH3 peptide complexes (PDB code
Positive and negative electrostatic potentials on the molecular surface of Bcl-XL are in b
legend, the reader is referred to the web version of this article.)
that the PMI peptide binds to Bcl-XL in a similar manner as the
pro-apoptotic BH3 peptide (Fig. 3D). The BH3 peptide-binding
groove of Bcl-XL is composed of four distinct sub-binding sites (i,
i + 4, i + 7 and i + 11 sites occupied by the side-chains of Ile90,
Leu94, Ile97, and Phe101 in the Bim BH3 peptide, respectively).
In the Bcl-XL/PMI peptide complex, three of the four sub-binding
sites (i, i + 4, and i + 7 sites) were filled up by the bulky hydropho-
bic residues, Phe3, Trp7, and Leu10 in the PMI peptide (Fig. 3C, D),
although the binding orientation is opposite in the directional
sense.

Taken together, the overall binding mode and site of the PMI
peptide to Bcl-XL resemble those of the BH3 peptides to Bcl-XL.
Similar to the pro-apoptotic BH3 peptides, the PMI peptide can
compete with the pro-apoptotic BH3 peptides to bind to the same
site in Bcl-XL. This suggests a competitive binding mechanism for
the observed tumor killing activity of the PMI peptide [15], where
the PMI peptide targets anti-apoptotic Bcl-XL, rescuing pro-apopto-
tic Bcl-2 family proteins such as Bak and Bax from complex forma-
tion with Bcl-XL, and thereby inducing mitochondrial apoptosis in
cancer cells in a transcription-independent manner.
3.5. Structural insights into the multi-targeting mechanism of the PMI
peptide

The structural model of the Bcl-XL/PMI peptide complex pro-
vided a molecular basis for how the same PMI peptide could bind
to two distinct proteins MDM2 and Bcl-XL. Although the overall
structures of MDM2 and Bcl-XL are different (Fig. 4), both contain
similar hydrophobic grooves for binding the PMI peptide.
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Interestingly, our structural comparison between the Bcl-XL/PMI
peptide complex (Fig. 4A) and the MDM2/PMI peptide complex
(Fig. 4B) [15] revealed a noticeably high similarity in the binding
mode of the PMI peptide for MDM2 and Bcl-XL. First, the
amphipathic helical backbone of the PMI peptide closely mimics
that of the p53TAD (residues 15–29) peptide bound to MDM2 in
both Bcl-XL/PMI and MDM2/PMI peptide complexes (Fig. 4). The
running direction of the PMI and p53TAD peptide backbones is also
the same in the MDM2-bound complexes. Second, the hydrophobic
side-chains of the key residues Phe3, Trp7, and Leu10,
(FXXXWXXL) in the PMI peptide occupy three discrete sub-binding
sites in MDM2 and Bcl-XL filled by Phe19, Trp23, and Leu26 of the
p53TAD peptide, respectively (Fig. 4C). This suggests that these
three absolutely-conserved hydrophobic residues in the PMI and
p53TAD peptides serve as key binding determinants for both
MDM2 and Bcl-XL. This finding agrees well with previous data,
where mutations at Phe19, Leu22, and Trp23 of p53TAD disrupted
MDM2 binding [39]. Similar to Trp23 in p53TAD, the ring moiety of
Trp7 in the PMI peptide fits deeply into the hydrophobic grooves of
both MDM2 and Bcl-XL, making the largest contribution to
complex formation.
Both MDM2 and Bcl-XL are important molecular targets in anti-
cancer therapy, as they are essential regulators of apoptotic cell
death [18,20,40]. Combined targeting of MDM2 by Nutlin-3a and
Bcl-2 by ABT-737 was shown to synergistically induce apoptosis
in acute myeloid leukemia, presumably because the inhibition of
anti-apoptotic Bcl-2 proteins could increase the apoptogenic
effects of MDM2 inhibition [41]. Thus, concomitant inhibition of
MDM2 and Bcl-XL/Bcl-2 may present a multi-targeting therapeutic
strategy to induce cancer cell death. The results of the present
study suggest that the PMI peptide can also be utilized in such a
strategy to inhibit MDM2 and Bcl-XL/Bcl-2 simultaneously. The
structural information from the Bcl-XL/PMI peptide complex
provides information for future structure-based rational design of
multi-targeting anti-cancer drugs.
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